The causal relationship between obesity and cardiovascular disease is extensively acknowledged; however, the exact mechanisms linking obesity and heart failure remain unclear. Here, we investigated the influence of adipokines derived from primary adipocytes on glucose and fatty acid uptake and metabolism in isolated primary cardiomyocytes. Either co-culture of these cell types or incubation with adipocyteconditioned medium significantly increased glucose uptake in cardiomyocytes. When streptozotocin-induced diabetic rats were used as a source of adipocytes, there was a lower ability to elicit glucose uptake in cardiomyocytes which corresponded with lower Akt and AMPK phosphorylation. The profile of glucose metabolism also differed with oxidation being favored upon co-culture with wild-type adipocytes whereas lactate production was strongly induced by adipocytes from diabetic rats. Examination of fatty acid uptake revealed that stimulation only occurred in response to adipokines secreted by wild-type rat adipocytes. Importantly, oxidation of fatty acids by cardiomyocytes was decreased by adipokines derived from diabetic rat adipocytes. Analysis of adipokine profiles in diabetic rat adipocyte-conditioned medium demonstrated the most significant decreases in adiponectin and leptin with increased IL6 expression. Taken together, these data suggest that the profile of adipokines secreted by adipocytes from diabetic rats have a deleterious influence on cardiomyocyte metabolism which may be of relevance in the pathophysiology of heart failure.
Introduction
Obesity plays an influential role in dictating the morbidity and mortality associated with cardiomyopathy (Abel et al. 2008 ). This has prompted many studies searching for a more complete understanding of the factors and mechanisms involved in cardiac remodeling in obesity. Consequently, various adipokines have emerged as potential players in the pathophysiology of heart failure via endocrine effects which impact upon cardiac function (Bradham et al. 2002 , Hopkins et al. 2007 , Karmazyn et al. 2007 . These include factors such as leptin, adiponectin, and TNF. It is also of interest to note that many of these factors have now been shown to be produced by the heart itself (Purdham et al. 2004 , Pineiro et al. 2005 , Guo et al. 2007 .
One of the most significant remodeling events leading to heart failure is an alteration in cardiomyocyte metabolism (Lopaschuk et al. 2007 ). In the healthy heart, under aerobic conditions, the majority of energy required for contractile performance is derived from fatty acids while the remainder (w30%) is principally obtained via metabolism of glucose (Stanley et al. 2005 , An & Rodrigues 2006 . Well-controlled fatty acid metabolism is also important to prevent triglyceride accumulation (McGavock et al. 2006) , as this can lead to lipotoxic effects such as apoptosis or insulin resistance (Borradaile & Schaffer 2005) . A decrease in glucose transport, glycolysis, and glucose oxidation, together with an increase in fatty acid uptake and oxidation, is typically observed in obesity and diabetes (Stanley et al. 2005 , Abel et al. 2008 .
Regulation of glucose and fatty acid metabolism by adipokines has been extensively demonstrated in liver and skeletal muscle (Badman & Flier 2007) . Recent studies have also shown that adipokines such as leptin (Palanivel et al. 2006) and adiponectin (Pineiro et al. 2005 , Guo et al. 2007 , Li et al. 2007 , Palanivel et al. 2007 can mediate potent direct effects on cardiomyocyte glucose and fatty acid uptake and metabolism. Nevertheless, our knowledge of the effects of adipokines on cardiomyocyte metabolism is derived largely from studies adding recombinant proteins to quiescent cells. While this is a significant step in characterizing the effects of each adipokine, it is important to appreciate that, in physiological terms, crosstalk between effects induced by each adipokine may influence the cellular response to other adipokines. Therefore, to examine this scenario more carefully we established a co-culture system of primary rat adipocytes together with primary neonatal rat cardiomyocytes or the use of primary adipocyte-conditioned medium, which allows us to examine the effect of more physiologically relevant combinations of adipokines on cardiomyocyte glucose and fatty acid metabolism. We proposed that the adipocyte mixture derived from primary adipocytes would alter glucose and fatty acid metabolism in cardiomyocytes, together with associated intracellular signaling events. We also hypothesized that the profile of adipokines secreted by adipocytes derived from wildtype or diabetic rats would differ and may cause distinct metabolic and signaling effects in cardiomyocytes. , and HRP-conjugated anti-rabbit secondary antibody were purchased from Cell Signaling Technology (Beverly, MA, USA). Enhanced chemiluminescence reagent was purchased from Perkin-Elmer Life Sciences (Boston, MA, USA). Streptozotocin (STZ) was purchased from Sigma. All other reagents were of the highest grade available.
Materials and Methods

Materials
Isolation and culture of neonatal ventricular myocytes
The care and use of the animals in the present study were in accordance with approved guidelines of the York University Animal Care Committee (Toronto, Canada) . Primary cultures of cardiomyocytes were prepared from the ventricles of 2-to-3-day-old Wistar rats by enzymatic digestion by using trypsin as described previously (Palanivel et al. 2007) . Briefly, neonatal rats were put into a glass beaker containing cotton mass wetted with ethyl ether. After anesthesia and decapitation, hearts were taken out immediately and put into ice-cold calcium and bicarbonate free Hank's to HEPES (CBFHH) buffer, and then cut into pieces. Cells in suspension were collected after several rounds of digestion of heart pieces, for selective enrichment of cardiomyocytes; cells were then pre-plated into several 100! 20 mm culture dishes and incubated for 1 h. The suspension containing unattached cardiomyocytes was then collected and seeded at a density of 1!10 6 cells/ml in culture media (DMEM with 10% fetal bovine serum, 0 . 1 mM 5-bromodeoxyuridine, 50 mg/ml gentamicin, 100 U/ml penicillin, and 100 mg/ml streptomycin 
Isolation of adipocytes from epididymal adipose tissue
Adipocytes were isolated as described previously (Vu et al. 2007) , where epididymal adipose tissue was removed from 6-to 8-week-old male wild-type and diabetic (6 days post-injection of STZ) Wistar rats, always between 1000 and 1200 h to avoid diurnal variations in adipokine profiles, and chopped with scissors into 2 ml Krebs-Ringer-HEPES (KRH) buffer (131 . 5 mM NaCl, 4 . 7 mM KCl, 2 . 5 mM CaCl 2 , 1 . 25 mM MgSO 4 , 2 . 5 mM NaH 2 PO 4 , 10 . 0 mM HEPES), supplemented with 1% BSA. Tissues were digested with collagenase type II (1 mg/ml) for 1 h at 37 8C in a 250 r.p.m. shaker. After 1 h of digestion, infranatant was removed and adipocytes were washed with fresh KRH buffer. It is established that using this method of isolation effectively removed macrophages. The number of adipocytes was counted and diluted to 1!10 6 cells/ ml with 10% FBS DMEM/F12 medium. Our initial experiments were performed using co-culture of primary rat adipocytes and cardiomyocytes; however, to avoid potential contaminating effects of adipocytes remaining in the wells, we also used adipocyte-conditioned media only. Similar results were observed and the latter approach was used in generating the data reported in this manuscript.
Preparation of adipocyte-conditioned medium
Adipocytes were stabilized in a 25 cm 2 cell suspension flask for 3 h in a humidified atmosphere (95% air and 5% CO 2 ) at 37 8C. After stabilization, media was removed from adipocytes and changed to serum free DMEM/F12 media to prepare conditioned media. Conditioned media was collected from incubation of 1!10 6 adipocytes/ml for 2 h in serum free DMEM/F12 medium and were used to treat primary cardiomyocytes for different experiments and various times indicated in the figure legends.
Glucose and fatty acid uptake measurements in primary cardiomyocytes
Cardiomyocytes were cultured in 24-well plates and treated with adipocyte-conditioned media from control and diabetic rats for periods of 0 . 5, 1, 2, and 3 h:insulin (100 nM) for 20 min was used as positive control for both experiments. Consequently, glucose and/or fatty acid transport was assayed for 5 and 1 min, respectively, at room temperature as described previously (Palanivel et al. 2007) . Briefly, the incubation medium was aspirated, cells were washed with ice-cold saline, and 200 ml potassium hydroxide (KOH) (1 mol/l) was added to each well. Aliquots of cell lysates were transferred to scintillation vials for radioactivity counting and the remainder was used for protein assay. Non-specific uptake was determined in the presence of cytochalasin B (10 mmol/l) and was subtracted from all the values. Results are calculated as pmol of glucose or fatty acid uptake/min/mg protein.
Determination of glucose and fatty acid oxidation in primary cardiomyocytes
As described previously (Palanivel et al. 2007 ), glucose and fatty acid oxidation was measured by the production of palmitate for 2 h. Each Petri dish was sealed with parafilm containing a piece of Whatman paper attached to the inside. The Whatman paper was wetted with 100 ml of phenylethylaminemethanol (1:1) to trap CO 2 produced during the incubation period. After 2 h of incubation, 200 ml of H 2 SO 4 (4 mol/l) was added, followed by further incubation for 1 h at 37 8C. Finally, the pieces of Whatman paper were removed and transferred to scintillation vials for radioactivity counting. Insulin (100 nM) for glucose oxidation and AICAR (2 mM) for fatty acid oxidation were used as positive controls.
Measurement of glycogen synthesis
Glycogen synthesis was measured by the incorporation of
C] glucose to glycogen as described previously (Palanivel et al. 2007 ) with a few modifications. Briefly, cardiomyocytes were cultured in 35!10 dishes and pre-incubated with adipocyte-conditioned medium for various times (0-3 h) as indicated in the figure. Consequently, incubation with 0 . 15 mCi/ml D-[U-14 C] glucose for 2 h and insulin (100 nM for 2 h) was used as a positive control. The cells were washed three times with cold PBS and lysed in 1 mol/l KOH. To measure insulin-stimulated incorporation of glucose into glycogen, cell lysates were used for overnight glycogen precipitation with ethanol. Precipitated glycogen was then dissolved in water and transferred to scintillation vials for radioactivity counting.
Lactate production by cardiomyocytes
Lactate content was determined by the lactate oxidase method using a lactate assay kit (Sigma). Cells were pre-incubated with adipocyte-conditioned medium for the time indicated in the figure, and insulin (100 nM) for 2 h was used as a positive control, after which the media was collected and used for analysis of lactate content and using adipocyteconditioned media not exposed to cardiomyocytes as control.
Immunoblotting analysis of signaling proteins
Cardiomyocytes were seeded on 35!10 mm culture dishes and incubated acutely with adipocyte-conditioned medium from wild-type versus STZ-diabetic rat for different time point (0-10 min) as indicated in the figure legend, and insulin for 10 min as a positive control for phosphorylation study. For total protein expression study, the cells were treated with adipocyte-conditioned medium for 3 h. After appropriate treatment, cells were washed thrice with ice-cold PBS and lysates were prepared exactly as described previously (Palanivel et al. 2007 ). Prior to loading onto SDS-PAGE gels, the samples were Membranes were probed with phosphorylation-specific antibodies against proteins of interest (phospho Akt (Thr308 and Ser473), phospho-AMPK (Thr172) and phospho-ACC (Ser79)) and antibodies against fatty acid transporter proteins such as FATP1, FATP2, and CD36. Appropriate HRPconjugated secondary antibodies (anti-rabbit at 1:10 000 dilution,) were used in each case and detected by the enhanced chemiluminescence method. Densitometric images of data were quantitated using Scion Image software.
wild-type versus STZ-diabetic rats were resolved by SDS-PAGE (12-15%), and then transferred to PVDF membranes. Membranes were probed with specific antibodies against resistin and TNF at 1:1000 dilution and IL6 (1:500) and appropriate HRP conjugated secondary antibodies (anti-rabbit or anti-goat at 1:10 000 dilution) were used in each case and detected by the enhanced chemiluminescence method.
Statistical analysis
Data are expressed as meansGS.E.M. Statistical analysis was undertaken using one-way ANOVA or the paired Student's t-test where appropriate. Differences between the groups were considered statistically significant when P!0 . 05.
Results
We first determined the effect of primary adipocyte-conditioned medium from wild-type or STZ-diabetic rats on glucose uptake in primary neonatal cardiomyocytes. We found that incubation with adipocyte-conditioned medium from wild-type rats for times from 30 min to 3 h significantly stimulated 2-deoxyglucose transport into cardiomyocytes (Fig. 1A) . Similar Figure 1 Regulation of glucose uptake and phosphorylation of intracellular signaling proteins by adipocyte-conditioned medium. (A) Uptake of 2-deoxyglucose was measured in response to adipocyte-conditioned medium derived from wild-type or diabetic rats (0 min-3 h). Insulin (100 nm) for 20 min served as a positive control. Values are expressed as meanGS.E.M. of nZ6; * indicates P!0 . 05 compared with control (in the absence of adipocyte-conditioned medium) and # indicates P!0 . 05 compared with response observed using wild-type adipocytes.
(B) Co-culture effect of adipocyte-conditioned medium (5 and 10 min) on phosphorylation of AMPK (Thr172) and Akt (Thr308 or Ser473). Representative immunoblots together with quantitative analyses (meanGS.E.M.; nZ4) are shown in all cases. data were obtained upon direct co-culture of primary adipocytes with cardiomyocytes (data not shown). When cardiomyocytes were treated with adipocyte-conditioned medium produced using adipocytes derived from streptozoticin-induced diabetic rats, there was a moderate stimulation of glucose uptake when compared with the control (Fig. 1A) . However, the magnitude of this increase in glucose uptake was much lower than that observed in response to the adipokine mixture produced by wild-type rat adipocytes. This observation correlated with the fact that phosphorylation of both AMPK (Thr172) and Akt (Thr308 and Ser473) were stimulated to a greater degree by wild-type adipocyte-conditioned medium (Fig. 1B) .
We then examined various potential routes of glucose metabolism within the cardiomyocyte. Using adipocytes derived from wild-type rats we observed that conditioned media, at times up to 3 h, significantly elevated glucose oxidation ( Fig. 2A) , did not alter glycogen synthesis (Fig. 2B) , and caused a slight increase in lactate production by cardiomyocytes (Fig. 2C) . By contrast, there was a striking increase in lactate production when using adipocytes derived from diabetic rats (Fig. 2C ) and no significant change in glucose oxidation ( Fig. 2A) or glycogen synthesis (Fig. 2B) .
We also observed a significant difference in the ability of wildtype and diabetic rat adipocyte-conditioned media to elicit fatty acid uptake in cardiomyocytes. At 30 min to 3 h, the former significantly stimulated fatty acid uptake (Fig. 3A) ; however, this response was not seen in response to media prepared using adipocytes derived from diabetic rats (Fig. 3A) . After 3 h of treatment we did not detect any change in the total expression levels of CD36, FATP1, and FATP2 (Fig. 3B) .
Subsequent examination of palmitate oxidation in cardiomyocytes suggested that wild-type conditioned media (up to 3 h treatment) did not dramatically alter oxidation from control, although a small increase was detected at 2 h (Fig. 4A ) and an apparent increase in ACC phosphorylation was also detected (Fig. 4B) . AICAR was used as positive control in palmitate oxidation assay (Fig. 4) . Interestingly, when we examined palmitate oxidation in cardiomyocytes after treatment with diabetic rat adipocyte-conditioned media, we found that the level of oxidation was even lower that basal at 1 and 2 h (Fig. 4) .
Since we have observed differential impact of adipocyteconditioned medium obtained from wild-type and STZdiabetic rats on cardiomyocyte glucose and fatty acid uptake and metabolism, we determined changes in the secretion level of adipokines. This analysis (summarized in Fig. 5 as fold changes from values found in wild-type adipocyte-conditioned media) demonstrated that total adiponectin levels decreased most obviously (0 . 46G0 . 10 vs 0 . 084G0 . 008 mg/ml in wild-type and diabetic samples respectively). Leptin and visfatin levels also decreased significantly (220 . 34G29 . 6 vs 77 . 82G13 . 09 pg/ml; 2 . 799G0 . 1525 vs 1 . 940G0 . 057 ng/ml respectively) whereas Figure 2 Regulation by adipocyte-conditioned medium on glucose oxidation, glycogen synthesis, and lactate production in primary cardiomyocytes. (A) The co-culture effect of adipocyte-conditioned medium from wild-type and/or diabetic rats (30 min-3 h) on basal there was a modest and non-significant increase in resistin and TNF expression. IL6 levels increased by 34% and there was no significant difference in free fatty acid levels (0 . 0245G0 . 0049 vs 0 . 0220G0 . 0072 mM respectively).
Discussion
Changes in substrate metabolism is one of the earliest measurable abnormalities in the hearts of both diabetic and obese animals and humans (Abel et al. 2008) . This precedes measurable changes in in vivo cardiac function, suggesting an important causative role. Changes in myocardial substrate utilization in diabetes are well established (Stanley et al. 2005 , An & Rodrigues 2006 , and have more recently been observed in ob/ob or db/db mouse and Zucker rat hearts prior to the onset of hyperglycemia and as early as 10 days after the initiation of high-fat feeding (Buchanan et al. 2005 , Golfman et al. 2005 , Park et al. 2005 , Wang et al. 2005 . These changes were consistently associated with increased myocardial oxygen consumption and decreased cardiac efficiency. Severely obese humans also display increased rates of fatty acid oxidation, increased myocardial oxygen consumption, and reduced cardiac efficiency (Peterson et al. 2004) . Therefore, obesity and diabetes clearly precipitate heart failure at least partially via alterations in myocardial substrate metabolism.
The last decade has seen intense research interest in the role of adipokines as regulators of metabolic homeostasis, with the Values are expressed as meanGS.E.M. of nZ6; * indicates P!0 . 05 with respect to control (in the absence of adipocyte-conditioned medium) and # indicates P!0 . 05 compared with response observed using wild-type adipocytes. (B) Examination of FATP1, FATP2, and CD36 protein expression in cells treated (3 h) with adipocyte-conditioned medium from wild-type versus diabetic rats. Representative images of four individual experiments are shown. majority of studies focusing on liver and skeletal muscle (Badman & Flier 2007) . Given the recent appreciation of the important contribution of adipokines to the pathophysiology of heart failure (Bradham et al. 2002 , Hopkins et al. 2007 , Karmazyn et al. 2007 ), we designed this study to examine whether adipokines directly regulate cardiomyocyte glucose and fatty acid metabolism. Reports from our laboratory (Palanivel et al. 2006 (Palanivel et al. , 2007 and several others (Graveleau et al. 2005 , Pineiro et al. 2005 , Guo et al. 2007 , Li et al. 2007 ) have demonstrated direct metabolic effects of adipokines on cardiomyocyte metabolism via treating cells with individual recombinant forms of each adipokine. However, this approach inherently neglects the extensive crosstalk between signaling pathways regulated by various adipokines which exists in vivo. At the other extreme, in vivo studies are often confounded by the existence of additional inputs (e.g., neuronal). Hence, we recently established the use of a co-culture system, which allowed direct analysis of effects induced by more physiologically relevant combinations of adipokines acting in concert with one another (Vu et al. 2007) . In this study, we utilized a similar approach but with primary neonatal rat cardiomyocytes as our target cell.
Our results demonstrated that the profile of adipokines secreted by primary rat adipocytes stimulated glucose uptake in cardiomyocytes. This correlated with increases in both AMPK (insulin-independent) and Akt (insulin-like) signaling. Obesity and diabetes are known to be associated with decreased circulating adiponectin levels, in particular high molecular weight (HMW), which correlate closely with various aspects of cardiac remodeling and the metabolic syndrome , Abel et al. 2008 . In this study, we used rats treated acutely with STZ to induce diabetes as an appropriate model providing a source of primary adipocytes which are known to secrete a reduced HMW adiponectin profile, indeed one which can dictate changes in glucose metabolism in skeletal muscle (Vu et al. 2007 ). When we used adipocytes derived from these animals as a source of adipokines, the change in glucose transport was significant but lower in magnitude than that elicited by wild-type adipokines. This is reminiscent of our previous studies in skeletal muscle cells and suggests that adiponectin, whose level is decreased in conditioned medium prepared using adipocytes from 3-day STZ-treated rats (Vu et al. 2007) and even further in 6-day STZ-treated rats as shown here, may be the adipokine most likely to mediate these changes. Our studies using both recombinant adiponectin and the globular C-terminal domain of adiponectin (Palanivel et al. 2007 ) and those of others (Pineiro et al. 2005 , Guo et al. 2007 demonstrate that this adipokine can stimulate glucose uptake in primary neonatal cardiomyocytes. These data suggest that reduced adiponectin action via reduced secretion from adipose tissue or a decrease in expression of its receptors (Guo et al. 2007 ) may be detrimental in terms of myocardial metabolism in obesity and diabetes. It is also feasible that many other adipokine levels change in the two types of conditioned medium used in this study and our analysis of adipokine profiles have highlighted that the significant decrease in leptin and increase in IL6 may play an important role (Ceddia et al. 2002 , Carey & Febbraio 2004 .
One of the most striking observations in our study was the enhanced stimulation of lactate production induced by adipokines derived from diabetic rat adipocytes. This appeared to result as a switch of metabolism toward lactate production at the expense of glucose oxidation. The heart uses lactate as an energy source and can also produce lactate (An & Rodrigues 2006) with the physiological consequences of increased lactate production, and decreased ATP production from glucose oxidation, being detrimental to performance of the heart (Stanley et al. 2005) . Indeed, metabolic abnormalities in STZinduced diabetic hearts have been well characterized (Ramanadham et al. 1990) , rendering these animals more susceptible to heart failure associated with exaggerated left ventricular remodeling including increased interstitial fibrosis and myocyte apoptosis (Shiomi et al. 2003) . Specifically, cardiac utilization of lactate is reduced to an even greater extent than glucose oxidation (Chatham et al. 1999a,b) . Our previous study using recombinant adiponectin showed no change in lactate production upon acute treatment times as used in this study (Palanivel et al. 2007) . Hence, the loss of a permissive contribution of adiponectin in the context of adipokine mixtures or increased levels of another adipokine which directly stimulates lactate production are potential mechanisms.
As noted above, efficient uptake and oxidation of fatty acids are essential in maintaining the bulk of myocardial ATP production; yet, perturbations in fatty acid metabolism to create a discrepancy between fatty acid uptake and oxidation, as often observed in obese and diabetic individuals or animal models, can have additional consequences. For example, accumulation of lipotoxic lipid products can mediate many detrimental effects on the heart, including apoptosis, impairing contractile function, inducing or exacerbating arrhythmias and changes in cell signaling and membrane function (Schaffer 2003) . Our current studies demonstrate that the ability of cardiomyocytes to uptake palmitate is enhanced by a normal adipokine mixture, which also elicits a small but significant increase in oxidation. Palmitate uptake and, in particular, oxidation are compromised by adipokines derived from diabetic rat adipocytes. Thus, although wild-type adipokine mixtures promote a beneficial increase in glucose uptake and oxidation, the increased fatty acid oxidation which we observe here may be detrimental to the heart. While our study model allows analysis of the direct influence of adipokine mixtures to be determined without potentially confounding effects of other circulating hormones or metabolites, as well as centrally mediated neuronal inputs, it is clearly important not to extrapolate our findings too far in terms of physiological significance, since the latter clearly have a significant physiological role.
In summary, these results characterize the direct effects of physiologically relevant adipokine mixtures on cardiomyocyte metabolism and highlight the differential effects of adipokine profiles derived from wild-type and STZ-induced diabetic rat adipocytes. They suggest that having an adequate amount of adipose-derived adipokines is beneficial, yet too much as is the case in obesity, too little as observed in lipoatrophy or a disturbed profile of secreted adipokines, may be detrimental to myocardial metabolism and ultimately cardiac function.
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